. Shear stress stimulates phosphorylation of eNOS at Ser 635 by a protein kinase A-dependent mechanism.
endothelial cells; vascular endothelial growth factor; cAMP NITRIC OXIDE (NO) produced from endothelial nitric oxide synthase (eNOS) plays critical roles in normal vascular biology and pathophysiology. In addition to its well-known vascular functions such as vessel relaxation and inhibition of platelet aggregation, NO also inhibits some of the key steps in atherogenesis, including cell death and monocyte adhesion induced by proatherogenic factors (14, 15, 24, 45) . NO production from eNOS is stimulated by a variety of mechanical forces such as shear stress and stretching, and humoral factors ranging from growth factors and peptide hormones such as vascular endothelial growth factor (VEGF), estrogen, sphingosine-1-phosphate, acetylcholine, and bradykinin (13, 17, 18, 25, 36, 37) .
The eNOS is known as a Ca 2ϩ /calmodulin (CaM)-dependent form of NOS (34) . Indeed, most humoral ligands including bradykinin, acetylcholine, and ATP stimulate NO production from eNOS by raising the level of intracellular Ca 2ϩ , which forms Ca 2ϩ /CaM complex (34) . On the other hand, mechanical forces such as fluid shear stress and stretching stimulate NO production from eNOS by Ca 2ϩ -independent mechanisms (1, 10) . Moreover, eNOS has been shown to be regulated by interactions with other positive and negative protein modulators such as caveolin and heat shock protein 90 (20, 41) . In the basal state, the majority of eNOS appears to be bound to caveolin-1 with its enzyme activity repressed in the caveolae (27, 33) . This tonic inhibition of eNOS can be released by displacing caveolin-1 with Ca 2ϩ /CaM in response to Ca 2ϩ -mobilizing agonists (27) .
In addition to those modulators, phosphorylation of eNOS at key regulatory sites plays an important role in regulation of enzyme activity in response to several physiological stimuli (3, 13, 17, 23, 35) . It has been shown that phosphorylation of eNOS-Ser 1179 (based on bovine eNOS sequence and equivalent to human eNOS-Ser 1177 ) is associated with increased activity of the enzyme (19, 32) . Phosphorylation of eNOS-Ser 1179 is regulated by phophosinositide-3-kinase (PI3K)-dependent mechanisms (19) . Akt, one of the major regulatory targets of PI3K, has been shown to directly phosphorylate eNOS at Ser 1179 and activate the enzyme in response to vascular endothelial growth factor (VEGF), sphingosine-1-phosphate, and estrogen (13, 17, 25, 36, 37) . However eNOS-Ser 1179 can also be phosphorylated by AMP-activated protein kinase (8) , or protein kinase A (PKA), and protein kinase G (PKG) (5) . Exactly which protein kinase(s) phosphorylates eNOS-Ser 1179 in intact cells appears to be regulated by the cellular context and given stimuli. For example, we have shown that shear stress phosphorylates eNOSSer 1179 by a PI3K-and PKA-dependent manner without involving Akt, whereas VEGF phosphorylates eNOS-Ser 1179 by a PI3K-and Akt-dependent manner (3, 21) .
Phosphorylation of eNOS at Thr 497 has also been shown to play an essential role in the regulation of enzyme activity (8, 23, 35, 36) . For example, bradykinin has been shown to stimulate NO production by a mechanism involving dephosphorylation at Thr 497 (23 (13, 17, 19, 35, 36) , and some unknown sites (2, 19) . Differential phosphorylation of eNOS at various sites could play an important role in the regulation of enzyme activity. However, little information is available regarding their phosphorylation in response to various stimuli. In the present study, we systematically compared phosphorylation of eNOS at Ser 116 , Thr 497 , Ser
635
, and Ser 1179 in response to shear stress, VEGF, and cAMP. The current study, for the first time, demonstrates that phosphorylation eNOS-Ser 635 was stimulated by shear stress, VEGF, and cAMP. More interestingly, we show evidence that shear-dependent phosphorylation of eNOS-Ser 635 is regulated by a different mechanism from that of eNOS-Ser 1179 .
MATERIALS AND METHODS
Cell culture. Bovine aortic endothelial cells (BAEC) harvested from descending thoracic aortas were maintained (37°C, 5% CO 2) in a growth medium [Dulbecco's modified Eagle's medium (DMEM) containing 1 g/l glucose (GIBCO) and 20% fetal bovine serum (FBS, Atlanta Biologicals) without antibiotics] (26) . BAEC used in this study were between passages 5 and 10. Unless specified otherwise, 2 million cells were seeded in 100-mm tissue culture dishes (Falcon) and grown to confluency in the growth medium before exposure to stimuli.
Adenoviral infections. For the infection of BAEC with recombinant adenovirus, 1 million cells were seeded in 100-mm tissue culture dishes (Falcon) 1 day before infection. Cells were infected with recombinant adenovirus at 100 multiplicity of infection in serum-free DMEM for 1 h and then incubated 48 h in a growth medium before the treatment. Construction of the recombinant adenovirus encoding PKA inhibitor (Ad-PKI) has been described previously (30) . Recombinant adenovirus encoding green fluorescence protein (Ad-GFP) was used as a control.
Shear stress studies. A confluent monolayer of BAEC grown in a 100-mm dish was exposed to nonpulsatile, laminar shear stress in a shear medium (phenol red-free DMEM containing 0.5% FBS and 25 mM HEPES, pH 7.4) by rotating a Teflon cone (0.5°cone angle) as we described previously (21, 43) . Cells were exposed to an arterial level of shear stress (15 dyn/cm 2 ) (3, 21) . Preparation of cell lysates. After experimental treatments, cells were washed in ice-cold phosphate-buffered saline (PBS) and lysed in 0.75 ml lysis buffer A (20 mM Tris ⅐ HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM sodium vanadate, 1 g/ml leupeptin, 1 mM phenylenemethylsulfonyl fluoride, 1 M microcystin, and 1% Triton X-100). Cell lysates were clarified by spinning at 14,000 g for 15 min at 4°C. Protein content of each sample was measured by using a Bio-Rad DC assay (26) .
Immunoblotting. Aliquots of cell lysates (20 g protein each) were resolved on a 10% SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane (Millipore) (26) . The membrane was incubated with a primary antibody overnight at 4°C and then with a secondary antibody conjugated with alkaline phosphatases (1 h at room temperature), which were detected by a chemiluminescence method (26) . The intensities of immunoreactive bands in Western blots were analyzed by using the NIH Image program. The following primary antibodies were used: polyclonal antibodies for phosphorylated forms of Akt-Thr 308 , Akt-Ser 473 , and eNOS-Ser 1179 ; a monoclonal antibody for phosphorylated form of cAMP response element binding (CREB) protein (CREB-Ser 133 ); a polyclonal antibody for total CREB from Cell Signaling Technology; and a polyclonal antibody for total Akt from Santa Cruz biotechnology; polyclonal and monoclonal antibodies for total eNOS from Transduction Laboratories. Rabbit polyclonal antibodies specific for phosphorylated forms of eNOSSer 116 , eNOS-Thr 497 , and eNOS-Ser 635 , respectively, were raised and purified as previously described (8) .
Statistical analysis. Statistical analysis was performed by Student's t-test. The P Ͻ 0.05 based on at least three or more independent experiments was considered to be statistically significant. in a time-dependent manner as shown previously (3). Phosphorylation of eNOS-Ser 1179 was apparent as early as 2 min after shear onset, reached maximum by 30 min, and remained elevated at least for 1 h (Fig. 1A) .
RESULTS

Differential phosphorylation of eNOS at
We then examined the phosphorylation status of eNOS at Ser (Fig. 1A) . The shear-stimulated phosphorylation of Ser 635 was significantly slower than that of Ser 1179 . At least 15 min of shear exposure was required to observe any significant phosphorylation of eNOSSer
635
. In contrast, shear stress had no effect on the phosphorylation status of eNOS-Ser 116 and eNOSThr 497 (Fig. 1A) . In additional studies, we compared the phosphorylation of eNOS-Ser 116 in subconfluent cells (ϳ75% confluent) and confluent monolayers (1 day postconfluent) and found that it was decreased as cells became confluent (data not shown).
Next, we decided to determine whether eNOS phosphorylation at the four sites is also regulated by VEGF, another well-known activator of eNOS. As demonstrated previously (3, 17) , VEGF rapidly stimulates phosphorylation of eNOS-Ser 1179 in a transient manner reaching a maximum by 2 min and returning to a basal level by 15 min (Fig. 1B) . Similar to shear stress, VEGF stimulated phosphorylation of eNOS at Ser 635 , whereas it did not affect phosphorylation of Ser 116 and Thr 497 (Fig. 1B) . Similar to that found in response to shear stress, the time required for any significant phosphorylation of Ser 635 was consistently slower than that of Ser 1179 in each of our experiments. Whereas the Ser 1179 was maximally phosphorylated within 2 min after VEGF stimulation, it required at least 5 min to observe a relatively small change and 30 min for a maximum stimulation of Ser 635 phosphorylation in response to VEGF (Fig. 2B) .
Recently, we showed that phosphorylation of eNOSSer 1179 induced by shear stress is mediated by the PKA-dependent mechanisms (3). To examine whether direct stimulation of PKA can also induce similar phosphorylation patterns, BAEC were treated with 8-bromocAMP (BrcAMP), a cell-permeable cAMP analog. (Fig. 1C ). This result is consistent with a previous report (35) . On the other hand, Ser was not affected by 8-BRcAMP treatment (Fig. 1C) .
All three experimental conditions used in this study, shear stress, VEGF, and 8-BRcAMP, had no effect on the total amount of eNOS as determined by using an antibody specific for eNOS protein. This result demonstrated that the changes observed with the phosphospecific antibodies were not due to changes in the eNOS protein expression level. Rather they represent changes in the phosphorylation status.
These results identify eNOS-Ser 635 as a new amino acid residue that becomes phosphorylated in response to shear stress, VEGF, and cAMP. It also shows that phosphorylation of eNOS-Ser 635 is consistently preceded by phosphorylation of Ser
1179
, suggesting a potential priming effect induced by Ser 1179 phosphorylation. Another important finding is that shear stress and VEGF do not induce dephosphorylation of the Thr 497 residue as reported in the case of bradykinin (23) .
Differential time course of Akt phosphorylation in response to shear stress, VEGF, and cAMP. Recently, we showed that shear stress stimulates phosphorylation of eNOS-Ser 1179 in an Akt-independent manner, whereas VEGF phosphorylates eNOS-Ser 1179 in an Akt-dependent manner (3). Therefore, we compared the activation patterns of Akt by monitoring phosphorylation at two major regulatory sites, Thr 308 and Ser 473 . As shown in Fig. 2B , shear stress stimulated Akt phosphorylation in a time-dependent manner, reaching maximum on 30-min shear exposure and remaining at maximum for at least 1 h. In contrast, VEGF stimulated Akt phosphorylation rapidly (maximum within 2-5 min) and in a transient manner (returning to a basal level by 15 min) (Fig. 2C) . Unlike shear stress and VEGF, 8-BRcAMP is a relatively weak and slow activator of Akt (Fig. 2D) . Any discernible changes in Akt phosphorylation by 8-BRcAMP required at least 15 min and remained stimulated by twofold for up to 1 h.
It is noteworthy that treatment of BAEC with 8-BRcAMP induced phosphorylation of eNOS-Ser 1179 in Ͼ2 min, whereas Akt phosphorylation required more than 15 min of exposure (compare Fig. 1C and  2D ). This result provides additional evidence that eNOS-Ser 1179 can be phosphorylated in the absence of Akt activation if cells are activated by PKA-dependent mechanisms.
Shear stress regulates phosphorylation of eNOSSer 635 in a PI3K-independent manner. We then determined whether phosphorylation of eNOS-Ser 635 by shear stress is regulated in a PI3K-dependent manner. For this study, BAEC were pretreated for 30 min with two structurally distinct PI3K inhibitors, wortmannin and LY-294002, and then exposed to shear stress for 30 min. As expected, treatment of BAEC with either wortmannin or LY-294002 inhibited eNOS-Ser 1179 phosphorylation as well as Akt phosphorylation (Fig. 3, A  and B) . However, the eNOS-Ser 635 phosphorylation stimulated by shear stress was not affected by either inhibitor (Fig. 3, A and B) . This result suggests that shear-dependent phosphorylation of eNOS-Ser 635 is regulated by a PI3K-independent mechanism.
Because eNOS-Ser 635 can be phosphorylated by 8-BRcAMP as shown above (Fig. 1C) , we examined further whether it is regulated by PI3K-dependent mechanisms by using wortmannin. Similar to that of shear stress, phosphorylation of Ser 635 residue induced by 30 min treatment of 8-BRcAMP was not inhibited by wortmannin (Fig. 3C) . On the other hand, wortmannin inhibited phosphorylation of eNOS-Ser 1179 and Akt induced by 30 min treatment with 8-BRcAMP (Fig. 3C) .
These results establish that Ser 635 and Ser 1179 residues are phosphorylated by different protein kinases in response to both shear stress and 8-BRcAMP.
Shear stress stimulates phosphorylation of eNOSSer 635 in a PKA-dependent manner. The 8-BRcAMP effect shown above (Fig. 3C) suggested a role of PKA in the phosphorylation of eNOS-Ser 635 in response to shear stress. To examine this further, PKA was inhibited either by treating cells with a pharmacological inhibitor H89 or by expressing PKI in cells by using an adenoviral construct Ad-PKI. Treatment of BAEC with H89 for 30 min inhibited shear-induced phosphorylation of eNOS-Ser 635 (Fig. 4A) . Under the same conditions, shear-dependent phosphorylation of eNOSSer 1179 was also inhibited, but Akt phosphorylation was further enhanced by H89 (Fig. 4A) as shown previously (3).
We then determined whether the phosphorylation of Ser 635 induced by 8-BRcAMP could also be inhibited by H89. As shown in Fig. 4B , treatment with H89 com- . In addition, as expected, H89 also inhibited Ser 1179 phosphorylation induced by 8-BRcAMP (Fig. 4B) . These results show that H89 prevents phosphorylation of Ser 635 and Ser 1179 induced by either shear stress or 8-BRcAMP.
Whereas H89 has been used widely as a highly selective PKA inhibitor, it may have other unexpected effects. To further confirm the role of PKA by using an independent approach in shear-dependent eNOS phosphorylation, BAEC were infected with recombinant adenovirus Ad-PKI before exposure to shear stress. As shown in Fig. 5A , infection of BAEC with Ad-PKI blocked shear stress-stimulated eNOS phosphorylation at Ser 635 and Ser 1179 without inhibiting Akt phosphorylation.
CREB is a well-known target of PKA, although several other protein kinases are also involved in CREB regulation (11) . Treatment of BAEC with an adenylate cyclase activator forskolin (10 M, 30 min) stimulated phosphorylation of CREB-Ser
133
, which was inhibited in cells infected with Ad-PKI (Fig. 5B) . This result clearly demonstrates the effectiveness of PKI on a known PKA substrate CREB-Ser
, providing a positive control.
These results establish that PKA plays an essential role in shear-dependent phosphorylation of eNOSSer 635 and Ser
1179
.
DISCUSSION
The most significant finding reported in the current study is that eNOS is phosphorylated at Ser 635 in response to mechanical (shear stress) and humoral (VEGF and cAMP) stimuli. We also report evidence supporting that shear-dependent phosphorylation of eNOS-Ser 635 is regulated in a PKA-dependent but PI3K-independent manner. In addition, we found that (23) .
Recent studies including our own work have shown that phosphorylation of eNOS-Ser 1179 is mediated by a PI3K-dependent mechanism. However, it is not likely that PI3K directly phosphorylates eNOS-Ser
1179
. Instead it is highly likely that PI3K leads to activation of PDK1, and PDK1 in turn stimulates downstream target protein kinases, including Akt, PKA, PKG, and AMP kinase, which directly phosphorylate eNOS (3, 5, 13, 17, 35) . PDK1 has been shown to activate, not only the well-known Akt, but also other protein kinases such as PKA, PKG, PKC, serum-and glucocorticoidinducible kinase, and p70S6 kinase (9, 44) . Whether the PI3K/PDK1 pathway indeed regulates these other protein kinases in response to a particular stimulus remains to be determined. At present it is not known whether AMP kinase can also be activated in a PI3K-dependent manner. Which protein kinase phosphorylates eNOS-Ser 1179 appears to be determined by each given stimulus. For example, we showed that shear stress stimulates phosphorylation of eNOS-Ser 1179 by PKA-dependent but Akt-independent mechanisms (3). An earlier study (13) suggested that shear stimulates eNOS-Ser 1179 phosphorylation by the Akt-dependent mechanisms. This notion was based on indirect studies using mainly PI3K inhibitors and overexpression of constitutively active Akt mutants. However, the use of dominant negative mutants as performed more recently by Boo et al. (3) (Fig. 1A) . On the other hand, both VEGF and cAMP rapidly stimulated phosphorylation of eNOS-Ser 1179 reaching maximum levels within 2 min exposure (Fig. 1, B and C) . Interestingly, VEGFdependent phosphorylation of Ser 1179 was transient returning to a basal level by 15 min exposure, whereas the maximal phosphorylation of Ser 1179 induced by cAMP was maintained for as long as 1 h (Fig. 1C) .
Currently, it is not known why VEGF-dependent phosphorylation of eNOS-Ser 1179 is transient, whereas those induced by either shear stress or cAMP remain elevated for a longer period. One potential mechanism underlying different response patterns of eNOSSer 1179 phosphorylation may be related to the upstream kinases Akt and PKA. Consistent with this possibility, the VEGF-dependent phosphorylation of Akt was indeed transient reaching maximum by 2-5 min and returning to a basal level by 15 min treatment (Fig. 2C) . In comparison, the maximum phosphorylation of eNOS-Ser 1179 induced by cAMP occurred (within 2 min) before there was any sign of Akt phosphorylation (requires at least 15 min) (Fig. 1C and 2D ). In addition, phosphorylation of eNOS-Ser 1179 induced by either shear stress or cAMP was prevented by PKA inhibitor H89 or Ad-PKI, further supporting the role of PKA, as shown previously (3).
We then found no evidence that the phosphorylation status of eNOS-Ser 116 is regulated in response to shear stress, VEGF, or cAMP. However the Ser 116 site was reported to be phosphorylated in response to shear stress in BAEC as determined by mass spectroscopy (19) . Although the exact reasons are not clear, there are subtle differences in experimental conditions that could have contributed to the discrepancy between the two studies. The presence or absence of NaVO 3 in the shear media and confluency of endothelial cells used for shear studies appear to be especially relevant. For example, in the study by Gallis et al. (19) study subconfluent (60-80% confluency) BAEC were labeled with [ 32 P]orthophosphate in the presence of 200 M NaVO 3 in DMEM supplemented with 10% serum. In comparison, our studies were carried out using confluent BAEC monolayers in serum-deficient medium (DMEM containing 0.5% serum) in the absence of NaVO 3 .
The eNOS-Thr 497 was rapidly dephosphorylated when BAEC were treated with 8-BRcAMP (Fig. 1A) . In contrast, shear stress and VEGF did not have any effect on the phosphorylation status of eNOS-Thr 497 (Fig. 1A) . 8-BRcAMP-induced dephosphorylation of Thr 497 was consistent with a previous finding by using an independent approach with isobutyl methylxanthine to increase the cellular cAMP level (35) . Unlike in BAEC, however, VEGF stimulated dephosphorylation of eNOS-Thr 497 in endothelial cells obtained from a different vascular bed, human umbilical vein endothelial cells (35) . These differences in the behavior of endothelial cells depending on vascular origin are not unusual (28, 40) . These results also provide an example that the response of cells to a physiological stimulus such as shear stress and VEGF are not necessarily identical compared with that induced by a bolus addition of 8-BRcAMP. It is possible that PKA activation induced by the physiological stimuli may be more restricted thus ensuring signaling specificity, whereas a bolus addition of 8-BRcAMP could activate many PKA isoforms regardless of their subcellular locations or cellular context. These results do not support a role for phosphorylation/dephosphorylation of eNOS-Thr 497 in shear stress-dependent activation of eNOS.
We found in this study that shear stress, as well as VEGF and 8-BRcAMP, stimulate phosphorylation of eNOS-Ser 635 (Fig. 1B) . As far as we are aware, this is the first demonstration of eNOS-Ser 635 phosphorylation under physiologically relevant stimuli. It is interesting to note that phosphorylation of eNOS-Ser 635 is consistently slower than that of eNOS-Ser 1179 in response to all three stimuli (Fig. 1) . This raises the possibility that phosphorylation of Ser 1179 may prime Ser 635 for a subsequent phosphorylation. This possibility was further supported by the data showing that PKA inhibition by H89 or Ad-PKI blocked phosphorylation of both eNOS-Ser 1179 and Ser 635 ( Fig. 4 and 5A ). One simple interpretation of this result was that PKA might phosphorylate both sites at Ser 1179 and Ser 635 in a sequential manner. However, this speculation was not supported by subsequent experiments using PI3K inhibitors wortmannin and LY-294002 because both inhibitors blocked phosphorylation of Ser 1179 but not of Ser 635 (Fig. 3) . If the Ser 1179 phosphorylation was a prerequisite step, wortmannin or LY-294002 should have blocked phosphorylation of Ser 635 as well. However, that was not the case. An alternative mechanism is that shear stress may stimulate two independent signaling pathways: one that activates a PI3K-dependent PKA pathway phosphorylating eNOS-Ser 1179 and another that activates a PI3K-independent PKA pathway phosphorylating eNOS-Ser 635 (Fig. 6 ). This scenario, however, would require the presence of at least two different pools of PKA.
One potential support for this speculation regarding two different pools of PKA is the preferential subcellular localization of different isoforms of PKA (4). PKA is a tetramer composed of two regulatory (R) and two catalytic (C) subunits. The mammalian PKA family includes four types of R subunits (RI␣, RI␤, RII␣, and RII␤) and two C subunits (C␣ and C␤) (4) . Whereas RI types tend to be found in the cytosolic fraction of cells, RII subunits have been found to be associated with particulate fractions (4) .
A typical activation of PKA occurs when cAMP binds to the R subunit thereby releasing the C subunit and leading to activation of the released C subunit. However, it has been previously shown that shear stress does not affect cAMP level in endothelial cells (31) . On the other hand, we speculate that shear stress activates another type of PKA in a PI3K-independent manner (?), which is responsible for phosphorylation of eNOS-Ser 635 . PI3K inhibitors (wortmannin and LY-294002), PKA inhibitors (H89 and PKI), and PKA stimulator (cAMP) are shown. Also shown is the shear-stimulated activation of Akt in a PI3K-dependent manner.
Then, how would PKA be activated by shear stress without changing total cAMP levels?
Accumulating evidence suggest that PKA can be regulated in a cAMP-independent manner. One mechanism is phosphorylation of Thr 197 in the activation loop of C subunit by PDK1 (6, 9) . Other mechanisms include interactions of PKA with caveolin, A-kinaseanchoring protein (AKAP110), and inhibitory nuclear factor B (IB) protein (16, 39, 42) . It is especially interesting that the phosphorylation of the key regulatory site Thr 197 is mediated by PDK1 (9) because shear stress has been shown to stimulate PI3K (22) , which in turn activates PDK1. We speculate that shear stress activates PKA through a PI3K-PDK1 pathway and then PKA phosphorylates eNOS-Ser 1179 either directly or indirectly (Fig. 6) .
The sequence surrounding Thr 197 matches the consensus PDK1 phosphorylation sequence and is conserved in both PKA catalytic subunits C␣ and C␤ (46) . Therefore, once PDK1 is activated, it is likely to activate both isoforms if they were in the close vicinity. However, PDK1 is believed to be localized in the plasma membrane, and it may not be able to phosphorylate those PKAs that are not colocalized. Because shear-dependent phosphorylation of eNOS-Ser 635 was not prevented by PI3K inhibitors, it is unlikely that the PKA phosphorylating this site is a PI3K/PDK-dependent isoform. Therefore, we propose that PKA is activated in a compartmentalized and time-dependent manner in response to shear stress.
What is the physiological significance of phosphorylation of eNOS? Whereas the importance of eNOSSer 1179 and Thr 497 has been explored, the role of Ser 635 is unknown at this point. The eNOS is composed of two identical monomers and each monomer contains the amino-terminal oxidase domain and carboxy-terminal reductase domain (18) . To produce NO from substrates O 2 and L-arginine, electron flux has to occur from the reductase domain of one monomer to the oxygenase domain of the other monomer. Binding of Ca 2ϩ /CaM plays a key role in coupling the two monomers so that electron can be fluxed and, in turn, NO can be produced. It has been proposed that the carboxy-terminal tail of eNOS, including Ser 1179 is "wedged" in between the two monomers and act as autoinhibitory domain by blocking electron transfer between the two monomers (29) . Phosphorylation of Ser 1179 upon challenge with eNOS stimulators is proposed to induce the conformation change of the carboxy-terminal, which removes the wedge and lowers Ca 2ϩ requirement leading to enzyme activation (29, 32) . eNOS-Thr 497 is adjacent to the CaM-binding region, and its phosphorylation has been proposed to hamper CaM binding and prevent enzyme activation (8) .
It was previously shown that mutation of eNOSSer 635 to Ala (S635A) did not induce any changes in phosphorylation and activation of eNOS stimulated by Akt-dependent mechanisms (13, 17) . Taken together with our current studies, these results support the concept that Ser 635 is phosphorylated by an Akt-independent but PKA-dependent mechanism. In addition, another eNOS mutant (S635D) in which eNOS-Ser 635 was mutated to Asp to mimic a continuously phosphorylated state showed the identical enzyme activity as that of wild-type eNOS in an in vitro assay using a saturating concentration of Ca 2ϩ (13) . However, it remains to be determined whether phosphorylation of eNOS-Ser 635 would alter enzyme activity in cells as well as in enzyme assays using subsaturating levels of Ca 2ϩ . It has been recognized that a ϳ50-residue segment present in the flavin mononucleotide -binding domain of eNOS (residue 596-647 based on the bovine sequence) represents a putative "autoinhibitory element" that impedes CaM binding to eNOS and electron flux between the two monomers (7, 38) . Deletion of this element from eNOS decreases Ca 2ϩ and CaM requirement for enzyme activation and enhances maximal activity (7, 38) . Because Ser 635 is located in this "autoinhibitory element," it is a reasonable speculation that phosphorylation of Ser 635 may affect CaM binding and electron transfer of the enzyme. However, this speculation awaits further study.
In conclusion, we found that mechanical shear stress stimulates phosphorylation of eNOS at Ser 635 . In addition, VEGF also stimulates phosphorylation at the same site indicating that eNOS-Ser 635 may be an important regulatory site in response to both mechanical and humoral stimuli. We also showed evidence supporting that shear-dependent phosphorylation of eNOS-Ser 635 is regulated by PI3K-independent but PKA-dependent mechanisms. The slow time course suggests that phosphorylation of Ser 635 is likely to play a role in a chronic regulation of eNOS activity rather than in the acute NO production phase within minutes of the agonist stimulation. For example, phosphorylation of eNOS-Ser 635 may determine its subcellular localization and interaction with other cofactors and regulators of eNOS. These questions are interesting subjects for future studies.
